The ability of purified Rous sarcoma virus transforming gene product, pp6Ovsrc, to phosphorylate phosphatidylinositol and diacylglycerol was investigated. Phosphatidylinositol was phosphorylated to form both mono-and diphosphorylated derivatives. 1,2-Diacylglycerol was phosphorylated to form phosphatidic acid. These activities showed the same thermolability and the same sensitivity to inhibitors as shown by the casein kinase activity of pp6O src. In addition, when serum-starved chicken embryo fibroblasts transformed by a virus mutant temperature-sensitive for transformation were shifted from the nonpermissive to permissive temperature, an increase of 50-100% in the labeling of phosphatidylinositol 4-phosphate, phosphatidylinositol 4,5-bisphosphate, and phosphatidic acid was observed, as compared to uninfected cells.
New information concerning the genes involved in malignant transformation is accumulating at an extraordinary rate. Retrovirus transforming genes and oncogenes from a variety of human tumors are now well characterized (see for example The Cancer Cell, Cold Spring Harbor Cell Proliferation Conference 1983), and in several cases the protein products of these genes have been identified by the use of immunological probes. Nevertheless, the biochemical events leading to malignancy after expression of these transforming proteins remain largely unknown, even in the case of what is, arguably, the best characterized one-the product of the Rous sarcoma virus (RSV) src gene, pp60v-src. This protein has the capacity to phosphorylate protein substrates on tyrosine residues (1) (2) (3) and recently has been shown to phosphorylate low molecular weight alcohols such as glycerol (4, 5) . Although a variety of proteins have been shown to become phosphorylated on tyrosine after expression of pp6v-src in infected cells (6) (7) (8) (9) , thus far no regulatory mechanism has been attributed to any of these phosphorylation reactions. Thus, the physiological significance of protein and glycerol phosphorylation by pp6o0-src remains obscure.
Although tyrosine phosphorylation has been the focus of a great deal of attention, analysis of specific proteins, such as ribosomal protein S6, has revealed that protein phosphorylation on serine residues is also quantitatively altered by the expression of pp60v-src (10) . These observations suggest that some effects of pp6Ov-src may be mediated by the direct or indirect regulation of a protein kinase and/or a phosphoprotein phosphatase specific for serine. One candidate enzyme is the cyclic AMP-dependent protein kinase, an enzyme known to be involved in the regulation of diverse pathways (11) and the subject of a recent communication from this laboratory (12) . Another is the novel enzyme denoted Ckinase by Takai et al. (13) that requires Ca2+ and phospholipid but, at physiological concentrations of Ca2+, depends on diacylglycerol for its activation. Recently it has been suggested that the tumor-promoting phorbol esters activate Ckinase by substituting for diacylglycerol; thus, this enzyme may play a role in the proliferative and tumor-promoting effects of these agents (14) . It is also of interest that phorbol esters stimulate the phosphorylation of ribosomal protein S6 in serum-starved cells in a manner reminiscent of pp60v-src (unpublished data).
Little is known about the regulation of the enzymes involved in diacylglycerol synthesis and degradation; however, it seems clear that most diacylglycerol is produced by hydrolysis of phosphatidylinositol (PtdIns) by a phosphodiesterase and is removed by rephosphorylation to phosphatidic acid (15, 16) . Regulation of the hydrolysis of PtdIns may involve a kinase that phosphorylates PtdIns in the inositol head group to form phosphatidylinositol 4-phosphate (PtdIns4P) and phosphatidylinositol 4,5-bisphosphate (PtdIns4,5P2) (17) . Because Ptdlns4,5P2 seems to be the best substrate for the phosphodiesterase, a plasma membrane kinase must be an important component in the regulation of Ptdlns turnover and diacylglycerol production.
In view of the capacity of pp60vsrc to phosphorylate glycerol and of the observation that PtdIns turnover is stimulated in RSV-transformed cells (18) , we investigated the relevant lipids as pp60v-src substrates. In this manuscript we show that purified pp60v-src phosphorylated Ptdlns to form monoand diphosphorylated derivatives and, moreover, phosphorylated diacylglycerol to form phosphatidic acid, suggesting that it has the potential to regulate both the production and removal of diacylglycerol. Additional experiments also showed increased biosynthetic labeling of PtdIns4P, Ptdlns4,5P2, and phosphatidic acid in RSV-transformed cells. These data are discussed in regard to the activation of protein kinase C.
MATERIALS AND METHODS
Materials. H332P04, carrier-free (285 Ci/mg; 1 Ci = 37 GBq), was purchased from New England Nuclear. [y-32P]ATP (5000-9000 Ci/mmol) was prepared as described (19) . By using ion-exchange chromotography, pp60vsrc was purified to homogeneity from European field vole cells transformed by the Schmidt-Ruppin strain of RSV (unpublished data). The catalytic subunit of cAMP-dependent protein kinase was purified from bovine heart as described by Beavo et al. (20) and was kindly provided by Yosef Graziani and James Maller. Both enzymes were kept in 10 mM potassium phosphate, pH 7.1/1 mM EDTA/5 mM dithiothreitol/50% glycerol at -20°C. The IgG fraction of serum containing antibody against pp6Ovsrc, taken from RSV-induced tumor bearing rabbits (TBR-IgG), was prepared as described (21 (22) . In two-dimensional thin-layer chromatography, the same chloroform/methanol/NH40H system was used in the first dimension, and 1-propanol/4 M NH40H, 13:7 (vol/vol) was used in the second dimension. Lipids were visualized by exposure to iodine or by autoradiography. The radioactive spots were cut out, and the radioactivity was quantitated by liquid scintillation spectrometry.
Assay of Protein Kinase Activity. Protein phosphorylation was measured as described above, except 20,M [y-32P]ATP was added at <15 ,Ci. a-Casein was used at 1 mg/ml. The reactions were performed for 15 min at 30°C and terminated by the addition of 7.5 Al of 5 times concentrated electrophoresis sample buffer (23) . The samples were then heated at 95°C for 2 min. Separation by NaDodSO4/polyacrylamide gel electrophoresis and visualization of phosphoproteins were performed as described (24, 25) .
Labeling of Cells with H332PO4. Chicken embryo fibroblasts infected by NY68 strain of RSV were grown at the nonpermissive temperature, 41°C, as described (26) . Uninfected chicken embryo fibroblasts were used as control. The confluent cultures were incubated for 18-20 hr in the absence of serum. The serum-starved cells were incubated in phosphate-free medium at 41°C, and carrier-free H332PO4 was added to 0.1 mCi/ml at the indicated time. During the labeling experiments, the incubation temperature was shifted to the permissive temperature, 35°C, at various times. The total time of exposure to radioactive phosphate was 75 min for all experiments. After the labeling, the cells were washed twice with cold Krebs-Ringer buffer, then 1 ml of 0.5 N HCl was-added, and the cells were scraped with a rubber policeman and transferred onto 2 ml of cold chloroform. The dishes were rinsed with 1 ml of 1 M HCl and then with 2 ml of methanol. The rinses were combined with the chloroform suspension, mixed, and allowed to stand for 30 min.
The lower organic phase was saved, and the aqueous phase was extracted again with 1 ml of chloroform. The combined organic phases were washed three times with 2 ml of methanol/1 M HCl, 1:1 (vol/vol), and evaporated under a stream of nitrogen at 50°C. The lipids were separated and visualized as described above.
RESULTS
Phosphorylation of Lipids. When purified pp60-src was incubated with [Y_32P]ATP in the presence of PtdIns, phosphorylated compounds were produced. The major phosphorylated product migrated with PtdIns4P upon thin-layer chromatography (Fig. 1) . In addition, a slight amount of radioactivity, <10%os of the major product, migrated with Ptdlns4,5P2. When PtdIns4P was used as a substrate, the major phosphorylated product migrated with Ptdlns4,5P2. This activity of pp60-src was about 50% of its PtdIns-phosphorylating activity. We note in lanes B and C that a highly phosphorylated product(s) remains at the origin, but it has not been characterized. Furthermore, 1,2-dioleoylglycerol and 1,3-dioleoylglycerol were both phosphorylated by pp6v-src to yield products that migrated with phosphatidic acid. 1,2-Dioleoylglycerol, a natural substrate for phosphatidic acid production, was phosphorylated at 3 times the rate of 1,3-dioleoylglycerol. Although 1,3-dioleoylglycerol is likely to be contaminated with 1,2-dioleoylglycerol, this amount of phosphorylation suggests that 1,3-dioleoylglycerol is also a substrate of pp60v-src. We have not succeeded in separating ,B-phosphatidic acid from a-phosphatidic acid by thin-layer chromatography. The phosphorylated products were further characterized by two-dimensional thin-layer chromatography supporting the identification (data not shown). Thus, pp6Ovsrc is capable of phosphorylating a variety of diacylated glycerol substrates.
When the purified catalytic subunit of cAMP-dependent protein kinase was similarly tested at a concentration that had a-casein-phosphorylating activity comparable to that of pp6vsrc, the phosphorylation of PtdIns and diacylglycerols occurred at 1-3% of the level seen with pp60v-src. On the other hand, PtdIns4P was phosphorylated by the catalytic subunit to 20%o of the level obtained with pp6O-src. Thus, Table 1 ). In addition, the apparent Km values for MgCl2 also were similar for these three reactions (4-6 mM); 50 mM MgCl2 was slightly inhibitory in the three phosphorylation reactions, and the optimum concentration was 20 mM. spectively) (5, 27) . In intact membrane systems, the apparent Km values for the phosphorylation of Ptdlns were found to be 90 MuM and 2.6 mM, for ATP and MgCl2, respectively (28) . These values are similar to those presented here for pp6Ov-src. Kanoh The diacylglycerol kinase activity is dependent on the presence of either deoxycholate or phospholipids, in particular phosphatidylcholine, but PtdIns is strongly inhibitory. In the case of the phosphorylation of 1,2-dioleoylglycerol by pp6Ov-src, neither deoxycholate nor phosphatidylcholine significantly affected the activity, and PtdIns was not inhibitory at 0.1 mg/ml. The Vmax for a-casein phosphorylation by pp60v-src (in 20 mM MgCl2 with 1 mg of a-casein per ml and saturating ATP) was similar to those reported previously (5, 23) . The Vmax for PtdIns and 1,2-dioleoylglycerol phosphorylation were relatively low (in 20 In the absence of detergent and in low salt, pp60vsrc forms large aggregates (unpublished data). In the experiments reported here, the lipid phosphorylation by pp60v-src was performed in the absence of detergent and at low salt. Nonidet P-40 (0.05%) and KCl (150 mM) stimulated the phosphorylation of Ptdlns and 1,2-dioleoylglycerol at least 2-fold under these conditions (data not shown); however, additional studies are necessary in order to assess the significance of these results. It is likely that under the conditions we used, only a small fraction of the active sites of pp60v-src can interact with lipid molecules in the absence of detergent and high salt. It is difficult to judge what may happen in vivo. In vivo pp6Ov-src is associated with the plasma membrane and presumably is in close contact with surrounding lipids (30) (31) (32) (33) . If the plasma membrane is considered as a solution of lipid 4-5 nm in width, PtdIns would be present at a concentration greater than 10 mM and, thus, should have a high probability of associating with pp60src.
Inhibition of the Phosphorylation of PtdIns and 1,2-Dioleoylglycerol. Evidence that the lipid kinase activities described above are indeed due to pp60v-src and not to an impurity in the preparation is provided by inhibition experiments with antibodies raised against pp6Ov-src. Preincubation of pp60V-src with TBR-IgG specifically decreased the a-casein phosphorylation to 16% of that with normal IgG as control. Similarly the phosphorylation of PtdIns and 1,2-dioleoylglycerol was decreased to 19% and 9% of the control, respectively. TBR-IgG did not inhibit the casein kinase activity of the catalytic subunit of cAMP-dependent protein kinase, indicating that the inhibition by TBR-IgG is not due to a nonspecific kinase inhibitor in the IgG preparation (data not shown).
Quercetin, an inhibitor of pp6Ovsrc (34), similarly inhibited the phosphorylation of PtdIns, 1,2-dioleoylglycerol, and acasein with Ki values of approximately 10 uM (Fig. 2) . In addition, all three kinase activities were inactivated in parallel when pp6Ov-src was preincubated at 41TC (Fig. 3) . These data support the contention that the phosphorylation of PtdIns and of 1,2-dioleoylglycerol is due to pp6Ov-src itself.
Ptdlns4,5P2, a phosphorylation product of PtdIns4P, strongly inhibited pp6Ov src activities, including the phosphorylation of PtdIns, 1,2-dioleoylglycerol, a-casein, and autophosphorylation. The inhibitory effect of Ptdlns4,5P2 was not specific to pp60v-src, as it also inhibited a-casein phosphorylation by the catalytic subunit of cAMP-dependent protein kinase (data not shown).
32p, Incorporation into Lipid in Chicken Embryo Fibroblasts Infected by a Temperature-Sensitive Transformation Mutant of RSV. In order to determine the effect of the activity of pp6Ov-src on the phosphorylation of Ptdlns, PtdIns4P, and diacylglycerol in vivo, these compounds were analyzed from radiolabeled chicken embryo fibroblasts infected with a temperature-sensitive transformation mutant of RSV, NY68. At 41°C these cells exhibit a nontransformed phenotype because the pp60v-src is inactivated, but as early as 1 hr after shift to the permissive temperature (35°C), several transformation-specific parameters become evident (26) . As a control, uninfected cells were used in parallel. After the temperature was shifted from the nonpermissive temperature, 41°C, to the permissive temperature, 35°C, the total incorporation of 32p, into cells was not significantly affected. However, a significant increase in 32p, incorporation into Ptdlns4,5P2 and phosphatidic acid was observed in the NY68-infected cells within 20 min (Fig. 4) . After 2 hr, the radioactivity in phosphatidic acid had more than doubled, while that in PtdIns4P and Ptdlns4,5P2 had increased by 50%. A 20% increase in 32p; incorporation into PtdIns was observed after 2 hr. No significant increase in 32p, incorporation into any of these lipids was observed in the uninfected cells following the temperature shift.
DISCUSSION
Several investigators recently have suggested that polyphosphoinositides are the primary substrates of agonist-dependent hydrolysis of inositol phospholipids (15, 17, 35) . In addition it was proposed that (i) the inositol phosphates thus produced may function as second messengers because they are generated rapidly in response to the agonist and are destroyed rapidly and (ii) they may function to mobilize calcium from internal reservoirs (36) . The Another product of the hydrolysis of polyphosphoinositides is diacylglycerol, a compound that is able apparently to activate protein kinase C (13) , raising the possibility that activation of this kinase may be responsible for the transformation-specific phosphorylation of ribosomal protein S6 on serine. However, our observation that pp6Ov-src also phosphorylates diacylglycerol to produce phosphatidic acid suggests no simple model for the activation of C-kinase by pp6Cv-src. Based on these data and the models of others mentioned above, pp60-src could be involved in both the generation and removal of the diacylglycerol. In this regard an analogy may be drawn with the regulation of isocitrate dehydrogenase by phosphorylation-dephosphorylation. The responsible kinase and phosphatase activities apparently reside in a single polypeptide chain, and the ratio of the two activities is regulated by 3-phosphoglycerate (37) . Similarly, regulation of pp6Cv-src or pp60'Csrc by an as yet unidentified component may result in changes in the steady-state levels within the cell of the substrates under study here.
Little is known about the levels of these compounds in normal as compared to transformed cells, but our preliminary results are consistent with those obtained in vitro.
When pp6Ov-src is activated by shifting NY68-transformed chicken embryo fibroblasts from the nonpermissive to permissive temperature, we observed enhanced incorporation of 32p into PtdIns4P, Ptdlns4,5P2, and phosphatidic acid.
Obviously, additional experiments are necessary to assess the significance of these data. However, Macara et al. (38) have obtained results independently with another avian sarcoma virus that they suggest indicate a role for its transforming protein in phospholipid metabolism.
The possibility that pp6Ov-src or pp6Oc-src may activate pathways leading to the malignant phenotype through the generation of second messengers and not by the covalent modification of various proteins indicates that approaches other than those used to date are necessary. Previous efforts have focused on the search for proteins modified by tyrosine phosphorylation; however, if the substrates described in this communication are of physiological significance and result in activation of, for example, protein kinase C, the enzyme itself need not be modified on tyrosine, nor covalently modified in any manner. The difficulties in obtaining a biochemical description of such pathways are obvious, but because of their importance, these questions demand attention.
